Abstract. Tunably controlling waveguide behaviors are always desirable for various kinds of applications. In this work, we theoretically propose the possibility to realize a tunable high-pass waveguide by magnetically controlling magnetorheological fluids inside. Through computer simulations and numerical calculations, we find that the low-pass or high-pass behavior of such waveguides can be manually switched. Furthermore, the cutoff frequency and transmission band of the waveguides can be smoothly controlled by an applied magnetic field. It is revealed that the underlying mechanism lies in the field-induced anisotropic structure of magnetorheological fluids. By combining soft materials, this work shows a way to obtain magnetocontrollable properties of waveguides, which may help to achieve tunable properties for other metamaterial-based devices like invisible cloaks and photonic crystals.
Introduction
Metamaterials have been attracting researchers' attention since 1968 when the first theoretical model of media having negative permittivities and permeabilities simultaneously was established [1] , and such media have been known as left-handed metamaterials (or double negative media). Further investigations have been conducted on the effective media and electromagnetic responses of left-handed metamaterials [2] [3] [4] [5] [6] . In the gigahertz (GHz) frequency region, left-handed metamaterials have been realized by fabricating metallic thin wires and split ring resonators, which are responsible for the negative value of permittivities and permeabilities, respectively [7, 8] . Reference [9] has carefully reviewed the properties of waveguides filled with effective media containing metamaterials with either negative permittivities (ε negative, ENG) or negative permeabilities (μ negative). It has been revealed that waveguides filled with metamaterials of negative permeabilities will support low-pass propagation in the form of backward waves [10, 11] . On the other hand, waveguides filled with ENG metamaterials will exhibit high-pass behaviors [12] [13] [14] . Metamaterial-loaded waveguides are completely different from regular ones, thus leading to attractive applications, such as microwave filters [9] , microwave absorbers [15, 16] , waveguide miniaturization [10] , surface a e-mail: jipinghuang@gmail.com polaritons [17] and planar antennas [18] . In this work, we will propose a different approach to manipulate the highpass behavior of a waveguide with an equivalent ENG metamaterial by magnetically controlling magnetorheological (MR) fluids inside.
MR fluids are colloidal suspensions containing usually ferromagnetic microparticles in carrier liquids (say, silicone oil) [19] [20] [21] [22] , and have received much attention because of its smart behavior that switches from liquid to semisolid states due to interactions between microparticles in the presence of an external magnetic field, H. In this work, we use MR fluids to fill the model waveguide under consideration. This is because MR fluids possess one fact that is crucial for the present research. Namely, according to the experimental report in reference [22] , the H-induced columns in stable MR fluids can be approximated as the ones not only with equal radii, but also with equal spacing. This fact allows us to study a system (System I) that is composed of uniform columns with equal spacing. In reality, to avoid fluctuations of separations between columns, one may use an alternative system (System II) that is composed of two parts: one is tubes, the other is oil. The tubes are located along the direction of H, and they are with equal spacing; each tube contains a small amount of MR fluids inside. In this case, if the tube itself is set to have the same electromagnetic responses as the oil, System II will have the same electromagnetic responses as System I as long as other
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The European Physical Journal Applied Physics parameters of Systems I and II are equal, say, volume fractions and properties of microparticles. Thus, for the convenience of discussion, we prefer to investigate System I that contains pure columns and oil; the columns are not only uniformly sized, but also equally spaced. Through finite element method (FEM) simulations and theoretical calculations, we will show the theoretical possibility of controlling the cutoff frequency and pass band of MR-fluid-filled waveguides by tuning H.
General properties of ENG metamaterials
To proceed, we first present some general properties of ENG metamaterials. For this purpose, references [12] [13] [14] have shown that the array of parallel wires exhibits highpass behavior for an incoming plane wave whose electric field is parallel to the wires (s polarized). For the array of metallic wires as shown in Figure 1 , the effective permittivity of the composite material along z axis, ε reff,z , can be given by
with i = √ −1, where ε reff,z and ε reff,z denote the real and imaginary part of the effective permittivity, respectively. f is the incident wave frequency, f p is the effective plasmonic frequency, and γ is the decay rate of the plasmon field. It's important to note that the effective permittivity in this equation, as well as in equations (4) and (7) below, refers to the z component of the permittivity tensor because the s polarized electromagnetic wave is only susceptible to the effective permittivity along the axis parallel to its electric field oscillation in an anisotropic system. This plasma-like relation (Eq. (1)) is depicted in Figure 1b , where it can be found that the real part, ε reff,z , is negative at the low frequency region (f < f p ), thus leading to evanescent wave modes. While f > f p , the positive ε reff,z can allow electromagnetic waves to propagate.
Properties of MR-fluid waveguides with H = 0
The configuration of our waveguide with infilled MR fluids is shown in Figure 2 . In the middle part of the waveguide is a dilute MR fluid, whose length is taken to be 4 cm. The suspended microparticles in the MR fluid are composite core-shell spheres (Fe 3 O 4 @Cu), where Fe 3 O 4 is the core with the radius 10 μm, and the shell is copper (Cu) whose thickness is also 10 μm. The carrier fluid of the MR fluid is taken as oil with permittivity ε 2 = 2.8 (note its imaginary part is small enough to be neglected in the GHz spectrum of our interest).
Regarding the free MR fluid (namely, without external magnetic fields) as an isotropic suspension, its effective permittivity can be obtained according to the effective medium approximation (EMA) [23, 24] . Firstly, we apply the Maxwell-Garnett approximation [24] to derive the effective permittivity of an individual core-shell microparticle, ε 1 . It can be expressed as:
where ε f and ε a are the permittivity of Fe 3 O 4 and Cu, respectively. ρ f represents the volume fraction of Fe 3 O 4 in the core-shell composite microparticle, which is fixed as 1/8 in our calculation. Then, we may utilize Bruggeman's formula [25, 26] to calculate the effective permittivity of the entire MR fluid (ε eff ) with composite microparticles suspended in oil,
where ρ 1 represents the volume fraction of composite microparticles in the MR fluid. We will use ρ 1 = 5% for further analysis in the following. We acquire ε a (the permittivity of Cu) via the Drude model [27] and ε f (the permittivity of Fe 3 O 4 ) via experimental results presented in reference [28] . Calculated ε 1 is ranged from −1.39 × 10 5 + 1.1 × 10 8 i to −1.39 × 10 5 + 4.9 × 10 7 i, when the incident wave frequency is taken from (a) (b) 8 GHz to 18 GHz. Finally, ε eff ≈ 3.29 is obtained. The imaginary part of ε eff is extremely small so that it can be omitted, and clearly ε eff is not sensitive to frequency changes. This result is, from a physical point of view, due to the low volume fraction of metallic core-shell particles as well as the low absorption caused by perfect reflection by these particles which can be regarded as perfect electric conductors.
We calculate the wave propagation in our designed waveguide based on the FEM. To carry out the simulations, the radio frequency model in frequency domain is adopted with perfect electric conductor boundary conditions. The result is shown in Figure 2 . The normal propagation-supportive property of the waveguide is clearly observed. It is caused to happen by the positive effective permittivity of the entire MR fluid.
When a magnetic field, H, is exerted upon the MR fluid, the dielectric property of the entire waveguide medium would be absolutely different due to the presence of chains or columns formed by the microparticles [23, 29] . When H increases, the dielectric behavior and hence the waveguide behavior can be distinguished into two periods.
The first period corresponds to the application of comparatively weak H which initiates microparticles to form single strand microparticle chains as the embryo for the metallic wires extending through the whole waveguide cross section. Figure 3 schematically exhibits the equivalent model in the phase under the weak magnetic field condition. The composite microparticles may form single strand chains that are randomly distributed in the host fluid. These chains can be approximated as acicular (needle-shaped) prolate spheroids with uniform orientation. This equivalent model was also discussed in [23, 30, 31] . As H increases, the number of microparticles aggregated in a single strand chain will increase and elongate the acicular spheroid accordingly. Now we may apply an EMA method to calculate the effective permittivity, ε eff , of the MR fluid under the influence of weak external magnetic field, H. For spheroidal inclusions as shown in Figure 3 , the Maxwell-Garnett EMA can be adopted, namely,
where g z represents the longitudinal demagnetization factor along z axis induced by H. Supposing that there are n microparticles in a single strand chain, the method to calculate g z was given in [32] and the formula reads
Here n (> 1) can be used to equivalently represent the strength of non-zero H; n = 1 corresponds to g z = 1/3 or H = 0. Namely, a larger n corresponds to a higher H.
With an increasing H, the resultant larger n will change g z according to equation (5), thus changing the effective permittivity (ε eff ) calculated by equation (4) . This trend is depicted in Figure 4 with two different frequencies. The figure suggests that when n < 11, the positive real part of ε eff allows the waveguide to support propagation. However, it is not the case when n > 11 yielded by comparatively larger H. The real part of the effective permittivity may remain negative ever since n exceeds a certain critical value n c (n c = 11 in the present case). In this case, the
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The European Physical Journal Applied Physics Each chain in (a) can be assumed to be a prolate spheroid, whose shape is characterized by gx (transverse demagnetization factor along x axis), gy (transverse demagnetization factor along y axis), and gz (longitudinal demagnetization factor along z axis). Here gx + gy + gz = 1 and gx = gy [23, 32] .
(a) (b) waveguide supports only evanescent modes regardless of the incident wave frequency (frequency-independent). The second period of our system is introduced by larger H. In this situation, the existing chains start to form columns; each column acts as a conducting wire keeping good contact with the upper and lower boundaries of the waveguide. Here the wires are regarded to be composed of the effective medium of composite microparticles (ε 1 ), which has metallic properties (equivalent metallic wires). In this period, the fluid behavior resembles that of ENG metamaterials.
Now we turn to study the cutoff frequency in this waveguide structure with (equivalent) metallic wires.
Reference [13] schematically demonstrated the method of calculating the dispersion relation in thin wire systems. It is mentioned that in equation (1), the plasmonic frequency is the standard criterion to judge whether the waveguide supports propagating mode or evanescent mode. A method to roughly estimate such plasmonic frequency f p is also provided by
where c, a and r 0 are the speed of light, the lattice constant and the wire radius, respectively. The configuration is shown in Figure 5 . With the simulation of the TE (transverse electric) mode propagating in the waveguide, normalized electric fields depicted in Figure 5 show a sharp contrast between the metallic-wire-introduced waveguide and regular waveguide, justifying the significance of columns formed by microparticles in the MR fluid. The calculation result of the transmission coefficient via FEM simulations as a function of frequencies is depicted in Figure 6 . It can be read from the figure that the cutoff frequency of the isotropic MR fluid waveguide (with H = 0) equals approximately 3.0 GHz, which agrees with the calculation for cutoff frequencies,
3 GHz, where relative permeability μ r = 1, k p = π/w (for the TE 10 mode used for our calculations), and w = 2.5 cm (namely, the width of our waveguide as shown in Fig. 2 ).
On the other hand, the behavior of H applied MR fluid waveguide (H = 0) is shown for two different shapes of inclusions (i.e., cylinders and spheroids); see Figure 6 . We do this because the metallic wire inclusions of ENG metamaterials are generally assumed to be cylindrical in shape. However, in our case of particle aggregation, the demagnetization field, together with the applied H field may tailor the particle clusters into spheroids in shape [22] . It is found from Figure 6 that the cutoff behavior and the location of the transmission band are quite close for the two types of inclusions (cylinders and spheroids). This fact may lead to a simplification method that approximately treats the spheroidal columns (metallic wires) as cylindrical columns, hence making three dimensional FEM simulations less arduous and enhancing the sampling rate (as the well-sampled red curve in Fig. 6 ). So, in the following, if without special explanations, H applied waveguides all refer to those with cylindrical columns (metallic wires).
A magnetized waveguide has a cutoff frequency around 16 GHz; see the red curve in Figure 6 . We may
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The European Physical Journal Applied Physics verify this by using equation (6) and see if they coincide with each other. As a result, equation (6) reads f p = c/ 2πε 2 a 2 ln(a/r 0 ) = 10.0 GHz, where r 0 = 630 μm and a = 5000 μm. It turns out that this rough approximation provided by equation (6) does not match well enough with the H = 0 case in Figure 6 . Focusing entirely on the structural parameters of a lattice, this approximating method does not include the influence of intrinsic parameters of composite materials. Hence, we may resort to another approximation method which is analytically more precise to predict the high-pass behavior of the H = 0 MR fluid waveguide. The formula is given in reference [33] , and it can be expressed as:
where k 0 , k p and k z represent the wavenumbers corresponding to vacuum, plasma frequencies and longitudinal directions, respectively. They are given by:
Here, A cell = a 2 is the area per primitive unit cell, h is the height of the waveguide (as indicated in Fig. 2) , and ε 0 (or μ 0 ) denotes the permittivity (or permeability) of vacuum. More details can be found in reference [33] . Taking the corresponding parameters into these formulae and solving the equation ε eff = 0, we obtain f p = 15.8 GHz, which is the cutoff frequency in agreement with the H = 0 case shown in Figure 6 .
To verify the above calculation results of the cutoff frequencies, we have simulated the normalized electric field distribution with incident frequencies from 4 GHz to 23 GHz. Figure 7 shows the out-of-plane electric field component and the power flow of various incident wave frequencies (f ) at 6 GHz, 14.5 GHz and 19 GHz. The figure is presented in two dimensions because the direction which negative permittivity is shown (longitudinal direction) can be seen as having translational symmetry when only TE polarized microwave is propagating in it. It can easily be found that all the incident wave is reflected with f = 6 GHz. Partial evanescent waves are observable when f = 14.5 GHz. However, all the incident waves propagate through the whole structure with f = 19 GHz (well above the cutoff frequency, f p = 15.8 GHz). This prediction agrees with our simulation result, and the high-pass behavior of the excited MR fluid waveguide can be readily observed. The existence of pass band in Figure 6 is an interesting phenomenon related to the band gap theory for two-dimensional photonic crystals. In summary, when the applied magnetic field H is small, there exist only single strand microparticle chains. It yields small microparticle number n in a single chain, such that metallic wires are not formed. As a result, the waveguide may have propagation-supporting or propagation-forbidding properties distinguished by a critical value of microparticle number (n c ) per chain. However, if H continues to intensify, the microparticle chains would be elongated and extend throughout the waveguide cross section. This may open a conducting path between the waveguide upper and lower boundary, thus generating the metallic wire configuration shown in Figures 5 and 1a . In this period, the system act very much like ENG metamaterials or metallic photonic crystals.
In the following, we will investigate the influence of different magnitudes of H on the cutoff frequencies as well as the transmission bands. When H intensifies, the already formed long conducting microparticle chains or columns would aggregate into thicker columns functioning as homogeneously distributed thicker metallic wires. The radius of the metallic wires gets increased with a larger magnitude of H, resulting from stronger chain interaction. Figure 8 is a schematic graph showing how chain aggregation may form thicker metallic wires distributed homogeneously in a particular region. The quantitative wire radius is manually stipulated. Here we take the volume fraction of microparticles to be constant (ρ 1 = 0.05). FEM simulations have been done to find out the outcome of such aggregating phenomenon; the results are shown in Figure 9 . It can be found that intensified H that piques a larger metallic wire radius would give rise to a decrease in the cutoff frequency. Such waveguide cutoff behaviors are calculated through FEM using intuitive models illustrated in Figure 8 . Similar predictive results are also obtained by calculating equation (7), which turns out to be a good method according to the previous analysis. The abrupt shift in the cutoff frequency at the wire radius of 630 μm (black line) in Figure 9b is due to the configuration shift from 5-wire aligned to 4-wire aligned system as depicted in Figures 8b and 8c , respectively.
We further consider an intriguing phenomenon shown in Figure 9 , that is, the observable pass bands in S-parameter curves. Such a phenomenon can be interpreted by the photonic band gap theory and proves to be highly predictable according to our two-dimensional photonic crystal configuration [34] . If we consider dielectric photonic crystals (ε 1 > 0 and ε 2 > 0), the photonic band gap theory indicates that the frequency in the middle of the first band gap (mid-gap frequency) denoted as f m can be approximated by the wave vector (k m ) at the boundaries of the first Brillouin zone, k m = π/a. Note that a is the periodic separation (lattice constant) between the adjacent dielectric wires. We may derive λ = 2a and thus f m = c/(2 √ ε eff a). However, the situation turns out to be reversed in metallic photonic crystals (ε 1 → −∞ and ε 2 > 0). In our metallic system, the frequency in the middle of the first transmission band
(d) Fig. 8 . Schematic graph showing that the radius of metallic wires consisting of single strand microparticle chains increases due to chain aggregation while the applied magnetic field increases. In the duration, the volume fraction of wires (namely, area fraction in two-dimensions) remains to be constant. In this figure, (d) has the highest magnetic field while (a) has the lowest.
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(pass band) denoted as f m may obey the relation
according to the derivation in reference [34] . The mid-band frequency, f m , gives us information about the location where the first transmission band would appear in the second period of our system. Both calculated f m (according to the method mentioned above) and simulated f m are plotted as triangular dots in Figure 9b . The results are close, justifying the validity of our prediction (at least to some extent). It can be easily read from the figure that the mid-band frequency, namely, the location of the first pass band would move downward to a lower frequency region as H increases. It is another tunable waveguide behavior besides cutoff frequencies. A quite similar idea was proposed in reference [35] , where two of us verified the possibility to control the photonic band gap in a one-dimensional dielectric photonic crystal consisting of ferrofluids and water by tuning external magnetic fields, while here we control the pass band in two-dimensional metallic photonic crystals. Furthermore, the notion of Fabry-Perot cavity was also mentioned in reference [34] , where the authors suggest that our twodimensional metallic photonic crystal system behaves as an ensemble of Fabry-Perot cavities that would be coupled to one another along the propagation direction. For instance, we have seven cavities in Figure 7 , corresponding to eight rows of metallic rods, so we may find in the simulation result that seven resonance peaks can be detected in the pass band accordingly, as is shown in Figure 6 .
Our former discussions can be summarized as follows. In the first period of low H, the composite microparticles form single strand chains. As long as conductive path does not exist, the waveguide behavior is independent of incident wave frequency, and critical microparticle number per chain, n c , plays a deciding role. But once the single strand chains are long enough to connect the upper and lower boundaries of the waveguide, the waveguide behavior would be frequency-dependent. The metallic wires are formed, and our system steps into the second period. In this period, when H intensifies, the aggregation of chains would lead to the decrease in cutoff frequencies as well as mid-band frequencies.
Extension to terahertz region: waveguides with ferrofluids
So far we have studied the properties of GHz waveguides filled with MR fluids. On the same footing, this kind of magnetocontrollable high-pass behavior can also be extended to waveguides working in terahertz (THz) region. Below we will discuss this case and show some results.
Our model THz waveguide structure is d = 500 μm, h = 100 μm and w = 200 μm by using the notations in Figure 2 . For our purpose, ferrofluids should be used instead to fill the waveguide. Similar to MR fluids, ferrofluids are a kind of suspensions of ferromagnetic nanoparticles in carrier liquids like water or kerosene. For our case, the nano-particles of ferrofluids are core-shell spheres, each having a Fe 3 O 4 core (10 nm in radius) and a Cu shell (10 nm in thickness). The carrier liquid has a relative permittivity of ε 2 = 2.8, and the volume fraction of nano-particles is ρ 1 = 0.05.
According to equation (2), ε 1 (effective permittivity of a core-shell particle) is ranged from −1.36 × 10 5 + 8. We proceed by considering the dielectric behavior for the isotropic case, namely, H = 0. By using equation (3), we obtain ε eff ≈ 3.29; similar to the result for GHz region, the effective permittivity is frequency-independent and its imaginary part is small enough to be omitted. Thus, the cutoff frequency is f p = k p c 2π √ ε eff μ r = c 2w √ ε eff = 0.41 THz. Then we may consider the dielectric behavior for anisotropic cases, i.e., H = 0. In the first period (namely, relatively weak H) when nano-particles form chains, the effective permittivity of the ferrofluid is characterized with the Maxwell-Garnett approximation for anisotropic inclusions (see Eq. (4)). As a result, the behavior is similar to Figure 4 , and the waveguide would be propagationforbidden once n > 11. In the second period (i.e., relatively large H) when chains form thicker columns (similar to Fig. 8 ), we conduct FEM simulations and obtain Figure 10 . As shown in Figure 10 , intensified magnetic fields (H) that yield thicker columns may lead to a decrease of cutoff frequency and mid-band frequency.
Discussion and conclusions
In this work, we have proposed an approach to realize a tunable high-pass waveguide by controlling an external magnetic field, H. In our proposed structure of rectangular waveguides with infilled MR fluids containing metalcoated spherical ferromagnetic microparticles, the following properties can be reached. (1) The H-free waveguide may act as an isotropic regular one, which supports low frequency propagation, and such properties do not rely on the frequency of incident electromagnetic waves. (2) Large H waveguides exhibit high-pass behaviors and the transmission coefficient strongly depends on the frequency of incident electromagnetic waves with the TE mode. Moreover, the cutoff frequency and pass band can be manipulated by tuning H.
The class of MR-fluid waveguides proposed in this work may have the following advantages in comparison with regular waveguides or ordinary ENG metamaterial waveguides. (1) The high-pass or low-pass behavior can be magnetically controlled. (2) They may act as an electromagnetic wave filter for specific frequency regions, and the working frequency scope can be manipulated by H and/or the volume fraction of MR fluids. (3) Regular ENG waveguides with micrometer-scale (in radius) thin wires are difficult to fabricate due to the essentiality to assure perfect contacts of all the thin wires with top and bottom boundaries of the waveguide cross section [9] . This problem can be solved in our case because the entire column configuration is easy to reach in the presence of an appropriate H. This work may also help to achieve tunable properties for other metamaterial-based devices like invisible cloaks and photonic crystals.
